The gonococcal NorM efflux pump exports substrates with a cationic moiety including 19 quaternary ammonium compounds such as berberine (BE) and ethidium bromide (EB) as well as 20 antibiotics such as ciprofloxacin and solithromycin. The norM gene is part of a four gene operon 21 that is transcribed from a promoter containing a polynucleotide tract of 6 or 7 thymidines (Ts) 22 between the -10 and -35 hexamers; the majority of gonococcal strains analyzed herein contained 23 a T-6 sequence. Primer extension analysis showed that regardless of the length of the poly-T 24 tract, the same transcriptional start site (TSS) was used for expression of norM. Interestingly, the 25 T-6 tract correlated with a higher level of both norM expression and gonococcal resistance to 26 NorM substrates BE and EB. Analysis of expression of genes downstream of norM showed that 27 the product of the tetR-like gene has the capacity to activate expression of norM as well as murB, 28 which encodes an acetylenolpyroylglucosamine reductase predicted to be involved in the early 29 steps of peptidoglycan synthesis. Moreover, loss of the TetR-like transcriptional regulator 30 modestly increased gonococcal susceptibility to NorM substrates EB and BE. We conclude that 31 both cisand trans-acting regulatory systems can regulate expression of the norM operon and 32 influence levels of gonococcal susceptibility to antimicrobials exported by NorM. 33 34 35 53 Na + -or H + -coupled transporters and are universally present in all living organisms (13). 54 Gonococcal NorM is highly similar (56%) to NorM of Vibrio parahaemolyticus (14). We 55 previously reported that NorM can export substrates with a cationic moiety including berberine 56 (BE), ciprofloxacin (CIP) and ethidium bromide (EB) (15). Additionally, loss of the NorM efflux 57 pump in multi-drug resistant strain H041 was found by Golparian et al. (6) to increase 58 gonococcal susceptibility to solithromycin. Herein, we investigated cis-and trans-acting 59 4
INTRODUCTION 36
Neisseria gonorrhoeae is a strict human pathogen and is the etiologic agent of the sexually 37 transmitted infection (STI) termed gonorrhea, which is the second most prevalent bacterial STI in the 38 United States and had a world-wide incidence in 2012 of an estimated 78 million infections (1). The 39 gonococcus has adapted numerous strategies to survive attack by antimicrobials including classical 40 antibiotics used in treatment of infection and those of host origin that participate in innate host defense. 41
In this respect, gonococci use efflux pumps to resist the antimicrobial action of beta-lactam and macrolide 42 antibiotics as well as cationic antimicrobial peptides and long-chain fatty acids (2) (3) (4) . The capacity of 43 gonococci to utilize efflux pumps to resist clinically useful antibiotics is of interest given the emergence 44
of strains resistant to current and past front-line antibiotics (2, (5) (6) (7) . The contribution of efflux pumps in 45 aiding bacterial evasion of antimicrobials can be enhanced by mutations that de-repress expression of 46 efflux pump-encoding genes (8) . With respect to gonococci, previous work revealed that 47 overexpression of the mtrCDE efflux pump operon due to cis-or trans-acting mutations can 48 contribute to clinically relevant levels of antibiotic resistance (9, 10) and increase bacterial 49 fitness during experimental infection of the lower genital tract of female mice presumably due to 50 enhanced resistance to host antimicrobials (11, 12) . 51 In this study, we investigated the regulation of the gonococcal norM gene. NorM belongs 52 to the Multidrug And Toxic compound Extrusion (MATE) family of efflux proteins which are FA19 and MS11). Using a PCR-generated product, we also sequenced this norM upstream 88 region from ten clinical isolates and found that nine of ten had the T-6 sequence (Table S1) . 89 Thus, we conclude that the T-6 sequence predominates in gonococci. In contrast, our analysis of 90 whole genome sequences of eighty-six N. meningitidis strains that are publicly available 91 (http://www.ncbi.nlm.nih.gov) revealed that eight-five (99%) have a norM promoter with a T-7 92 repeat sequence (data not presented). 93 Despite the difference in T repeat length, primer extension analysis revealed the same 94 TSS positioned upstream of the norM promoter was possessed by strains FA19 (T-7) and FA 95 1090 (T-6), which was identified as a C residue located 6 bp downstream of the -10 hexamer 96 (data not presented; summarized in Fig. 1B) . The level of the norM transcript in strains 97 FA19Str R and FA1090 was determined by quantitative qRT-PCR (qRT-PCR) analysis using total 98 RNA prepared from mid-and late-logarithmic cultures, which showed that the norM transcript 99 was 2.4-and 4.2-fold higher in strain FA1090 compared to that of FA19Str R at mid-and late-100 logarithmic phases, respectively (Fig. 2) . Previous studies on the regulation of the mtrCDE 101 efflux pump-encoding operon revealed that the distance between the -10 and -35 promoter 102 hexamers can significantly influence transcription and levels of gonococcal resistance to 103 antimicrobials exported by MtrCDE (9, 16) . Guided by this work, we constructed norM mutants 104 of FA1090 and FA19Str R by insertional inactivation with the non-polar aphA-3 cassette and 105 found that while loss of norM influenced gonococcal susceptibility to NorM substrates (BE and 106 EB), the impact was greatest in strain FA1090 (T-6 promoter) compared to strain FA19Str R (T-7 107 promoter) (Table 1) . In order to determine if inactivation of norM would increase susceptibility 108 of a more recent gonococcal clinical isolate displaying resistance to multiple antibiotics (6), we 109 constructed a norM::kan transformant of strain H041 (T-6 promoter- Table S1 ). We found that 110 7 loss of the NorM efflux pump decreased resistance of H041 to both BE and EB (Table 1) as well   111 as solithromycin (4-fold decrease in MIC; data not presented).
112
In order to determine the influence of the norM promoter T repeat sequence on 113 gonococcal expression of the norM operon and resistance to NorM substrates, we exchanged the 114 norM promoter region of FA19Str R with that of FA1090 by transformation. DNA sequencing of 115 a PCR fragment from a representative transformant strain (FA19Str R PnorMF1090 ) confirmed the 116 presence of the T-6 instead of T-7 repeat element (data not presented). Importantly, FA19Str R
117
PnorMF1090 displayed a 5-fold increase in expression of norM as assessed by qRT-PCR ( Fig. 3 ) and
118 displayed a two-fold increase in resistance to EB and BE compared to parental strain FA19Str R
119
( Table 1) . These combined results indicated that the length of the T-track can influence levels of 120 gonococcal expression of norM and resistance to NorM substrates.
121
Trans-acting transcriptional regulation of norM and influence on antimicrobial resistance. 122 Bioinformatic analysis revealed that the putative TetR-like protein (216 amino acids) encoded by 123 a gene within the norM operon is highly conserved in gonococci. This finding is exemplified by 124 100% amino acid identity of the protein that would be produced by strains FA19 and FA1090;
125
reproducibly resulted in two-fold decrease in gonococcal resistance to BE and EB (Table 1) .
134
Although the impact of loss of the TetR-like protein was modest, complementation of the 135 FA19Str R tetR::kan strain with a pGCC4 construct bearing the wild-type tetR gene expressed at 136 the aspC-lctP locus from an IPTG inducible lac promoter restored wild-type levels of 137 antimicrobial susceptibility (Table 1) .
138
Based on the above-described results, we used strain FA19Str R to ascertain if the TetR- The results from DNA-binding experiments showed that TetR could bind to the probe in a 146 specific manner as binding could be inhibited by the unlabeled norM PCR product, but not by a 147 non-specific PCR probe ( Figure 5 ). Thus, this gene regulator serves as a transcriptional activator 148 of the norM operon.
149
As a member of the MATE family of efflux pumps, the gonococcal NorM efflux pump 150 has the capacity to export antimicrobial quartenary ammonium compounds (ref. 15 and Table 1 ).
151
The conservation of norM among gonococci suggests a role for NorM in the survival of 152 gonococci. Thus, we hypothesized that NorM might also export host-derived antimicrobials and we did not detect a fitness or survival defect of gonococci (FA19Str R and FA1090) bearing a null 157 mutation in norM when competed with the wild-type parent strains ( Figure S1 ). It is important 158 to note that this model may not fully recapitulate the repertoire of antimicrobials present at infection by promoting resistance to a host antimicrobial cannot be discounted.
165
As with other bacterial efflux pump-encoding genes (8, 9, 16) , we conclude that the 166 gonococcal norM gene is subject to transcriptional control that influences its expression and 167 levels of bacterial resistance to antimicrobials that can be exported by NorM. It is of interest that 168 both cis-and trans-acting regulatory processes identified in this study can modulate expression 169 of norM and that these regulatory schemes seem dependent on the length a poly-T tract in the 170 norM promoter. The majority of gonococci contain a T-6 tract in the promoter that seems to 171 enhance transcription of norM. In contrast, strain FA19, which we have used extensively in our 172 work on gonococcal efflux pumps (3, 4, (15) (16) (17) (18) (19) , is representative of the minority of gonococcal 173 strains harboring a T-7 sequence. Since mutations that increase or decrease spacing between the 174 -10 and -35 hexamers can influence the fidelity of gene expression due to impacting interactions 175 of RNA polymerase, as has been observed with nucleotide deletions or insertions within the 176 mtrR promoter (16, 19) , it is likely that the single T difference can impact norM expression in 177 gonococcal strains with a T-6 or T-7 sequence by influencing promoter recognition by RNA 178 polymerase.
179
In addition to this cis-acting regulatory mechanism, the TetR-like protein encoded by a 180 gene within the norM operon can influence expression of norM in strain FA19. Importantly, the 181 TetR DNA-binding protein also activates expression of murB, which is consistent with its 182 transcriptional linkage with norM. It is of interest that a gene (murB) encoding an enzyme 183 involved in the earliest steps of peptidoglycan biosynthesis (19) is co-regulated with norM by Table 1 . We also sequenced the norM promoter region from ten clinical isolates 204 ( subjected to electrophoresis in a 6% native polyacrylamide gel at 4 o C, followed by 323 autoradiography as described (24). Affairs, or the United States government.
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